Abstract. Nanowires of polythiophene (PTp) were electrochemically synthesized using the pores of the prepared anodic alumina oxide (AAO) templates. The anodization experiments were performed using Al foil to create alumina pores having pore diameters of 150-250 nm. The electrochemical polymerization synthesis of PTp nanowires was carried out using a potentiostatic condition in a three-electrode system. The best electropolymerization conditions were 0.1 M thiophene (Tp) monomer, 0.1 M tetrabutylammonium perchlorate (TBAClO 4 ) dopant, in 10.00 mL acetonitrile, at a temperature of 0 ± 1 0 C, without stirring the polymerization solution using 1.6 V at 2 mA/cm 2 current density. Four-point probe conductivity tests were done to determine the electrical properties of the PTp nanowires formed. PTp nanowires revealed a higher conductivity of 11.30 S/cm (0.50% RSD, n=3) compared to the bulk polymerized Al foil (1.45 S/cm). The Scanning Electron image of PTp nanowires showed uniform cylindrical nodules with diameter of 150-250 nm. In this study, the facile AAO template synthesis method utilized for PTp nanowires growth gave higher conductivity that could find wider environmental and medical applications.
INTRODUCTION INTRODUCTION INTRODUCTION INTRODUCTION INTRODUCTION
Conducting polymers (CPs) are emerging as promising resources for the synthesis of nanostructured materials. They are particularly appealing because they exhibit electrical, electronic, magnetic, and optical properties similar to metals or semiconductors while retaining their flexibility, ease of processing and modifiable electrical conductivity [1] . Nanosized polymers are found to have enhanced conductivity compared to bulk polymer material.
Several methods have been proposed and applied to the synthesis of nanostructures such as molecular beam epitaxy, Polythiophene is very stable in air and water however its conductivity is lower compared to other known polymers such as polyaniline (PAn), polypyrrole (PPy) and polyacetylene (PAc). These properties of PTp are utilized in the development of nanowires. Unlike the traditional PTp synthesized via conventional electrochemical method, the nanowire-conducting polymer counterparts have unique attribute in that they exhibit large surface areas. It provides a better performance in applications where high surface area is needed between the nanostructure and its environment.
Nanowires of conducting polymers could be synthesized using porous alumina template. Alumina membranes represent an alternative since they are easy to fabricate, chemically and thermally stable, inert, and are capable of post processing surface modification. Fabrication of PTp nanowires using AAO template will provide an attractive interest for fundamental and applied works because of their one dimensional intrinsic properties and potential for commercial applications ranging from, chemical, biological to nanoelectronic devices, biosensors, optics and medical sensing. The CP nanowires will present the advantages of creating ultra high density devices, low cost, having relatively high conductivity, flexibility and controlled chemistry.
In this paper, we report the synthesis and characteristics of PTp nanowires using the prepared porous alumina template. The different electrochemical polymerization conditions were optimized in this study to identify the best parameters for the control of conductivity and morphology of PTp nanowires.
EXPERIMENT EXPERIMENT EXPERIMENT EXPERIMENT EXPERIMENTAL AL AL AL AL
Materials. All the reagents were prepared using analytical grade reagents and distilled water. The Tp monomer was purified using simple distillation. Electrochemical experiments were performed at potentiostatic condition in a one-compartment cell at room temperature (24 0 C ± 1 0 C). A platinum wire (Crison) and a silver-silver chloride (Metrohm) served as the auxiliary and reference electrodes, respectively. Anodic alumina membranes were employed as the template for nanowire growth. Electropolymerization of Tp Monomer. The PTp nanowires were synthesized through electrochemical polymerization using the prepared AAO template using various para meters. The electrolyte consisted of acetonitrile (Sigma) solvent, TBAClO 4 dopant (Sigma), and Tp monomer (Sigma) at 1.6 V without stirring the solution. Different optimization conditions for the growth of PTp nanowires were tested, like polymerization time (30, 60, 90 and 120 minutes), type of dopants (tertrabutylammonium perchlorate, TBAClO 4 ; tertrabutylammonium chloride, TBACl; tertrabutylammonium bromide, TBABr; and dodecylbenzene sulfonic acid, DBSA), type of solvents (CH 2 Cl 2 , CHCl 3 , CH 3 OH, and CH 3 CN), current density (2 and 4 mA/cm Figure 2 ). After the electrochemical polymer-11 11 11 11 11 Different anodization conditions like temperature and applied voltage could be used in order to produce a well-ordered and wellaligned array of nanopores. Figure 3 shows the SEM micrographs of the pristine Al foil and fabricated AAO template. The pristine Al foil showed the smooth and uniform image (Figure 3(a) ), while the fabricated AAO template showed the uniform formation of pores on a rough alumina oxide coating (Figure 3(b) ). The unique structural properties of AAO and their thermal and Electrosynthesis of the Tp Monomer. The described template procedure enables the fabrication of PTp nanowires with the attractive possibility to vary the diameter and appearance of PTp nanowires by different optimization conditions. The PTp nanowires were synthesized using electrochemical polymerization on AAO template in a threeelectrode system under potentiostatic condition using the optimized parameters presented on Table 1 . The best electropolymerization parameters for the growth of PTp nanowires were chosen since it produces uniform cylindrical structures of PTp nanowires giving rise to a higher conductivity. In PTp nanowires growth, the potential is better controlled to prevent the PTp from being overoxidized thus, becoming more conductive and in this study the potential was kept constant at 1.6 V [5] . The polymerization of Tp monomer to produce PTp nanowires in the presence of a suitable dopant and solvent led to the formation of PTp radical cations that can couple with other radical cations and ultimately build up a con- jugated polymer chain [6] . A good organic solvent is used in which the Tp monomer is soluble but the PTp is not soluble. As the chain of Tp monomer length increases, they adhere to the AAO template and grow within the pores of AAO to produce PTp nanowires.
The formation mechanism of PTp nanowire structures could be explained through the process in which the AAO template is prepared by anodic oxidation in a 0.3 M oxalic acid solution, leaving some anionic sites on the pore walls of the AAO template [7] . These anionic sites on the pore walls of the template and the positively charged Tp monomer can be adsorbed and nucleated preferentially on the pore walls according to the electrostatic interaction [8] as shown in Figure 4 . On the other hand, these anionic sites can also be viewed as molecular anchor which guide the Tp monomer molecules in depositing on the pore walls of the AAO template. According to this mechanism, the PTp nanowires with different length and diameter can be obtained if the various electrochemical polymerization parameters were changed.
Various experimental parameters that control the diameter and morphology of the PTp nanowires grown have been investigated as presented in Table 1 . After the dissolution of the alumina template using 0.4 M NaOH solution for 60 minutes, the wires are freed from the template that can be further investigated. The morphology of PTp nanowires was studied by SEM and was correlated with its electrical properties. Figure 5 shows the SEM Conductivity of Ptp.The electrical conductivity of fabricated PTp nanowires is greatly influenced by the method and conditions used to obtain the nanowires. The PTp nanowire was subjected to four-point probe technique to measure the conductivity of the fabricated nanowire. The measured conductivity of PTp nanowires revealed highest conductivity of 11.30 S/cm at 3 trials with 0.50% RSD as compared to the pristine Al foil and bulk polymerized Al foil which has conductivity 10 μm Figure 5 . SEM micrograph image of PTp nanowires synthesized using the best electrochemical polymerization parameters at 3500x magnification. values of 2.10x10 -3 S/cm and 1.45 S/cm, respectively. The conductivity of the PTp nanowires has been studied as a function of the diameter. The SEM micrograph images could explain the increasing conductivity when the diameter of the PTp nanowires decreases. This is due to the presence of a highly ordered layer of PTp along the pore wall of the template. In this case, it is assumed that the polymer chains increased and are aligned, giving rise to a higher conductivity of the fabricated PTp nanowires. The results presented in this study bring new dimensions that could contribute to a better characterization of PTp nanowires.
CONCLUSION CONCLUSION CONCLUSION CONCLUSION CONCLUSION
This study presents an easy way of preparing porous AAO template used to fabricate PTp nanowires. The diameter of PTp nanowires are closed to the pore diameter of the fabricated AAO template (150-250 nm). The mechanism of PTp nanowires growth is due to the electrostatic interaction of Tp monomer molecules and the pore walls of the AAO template, which led to the adsorption, nucleation and polymerization of Tp monomer, preferentially on the pore walls of the AAO template. Polythiophene nanowires supported on porous alumina template gave high conductivity of 11.30 Scm -1 . The morphologies correlated well with the electrical property of the PTp nanowires and a higher conductivity in the smaller nanowires diameter is observed. Filling the pores of the AAO template, PTp nanowires are obtained reproducibly and economically. The method used in this study offers the possibility to fabricate PTp nanowires with an engineered diameter and length. This point is very interesting for the development of different applications based on PTp nanowires as the process is not limited to the production of polymeric nanowires but could also be used for the preparation of other nanomaterials.
